Knowledge of herbivory tolerance of dominant plant species and their responses to varying grazing intensity is required for sustainable grazing management in semiarid rangeland ecosystems. In a field experiment, we studied the effects of simulated grazing 0%, 30%, 50%, and 80% leaf removal (control, partial, intermediate, and heavy leaf removal) of three dominant perennial legumes: Astragalus cyclophyllon, Astragalus effuses, and Hedysarum criniferum in semiarid rangelands of southwestern Iran for 2 yr and tested 1) differential herbivory tolerance in terms of regrowth ability of belowground and aboveground biomass (AGB), fecundity, and nonstructural carbohydrate reserves; and 2) trade-off between forage quantity and qualitydless defoliated plants produce larger amount of biomass with less forage quality and vice versa. The results showed a reduction in AGB and reproduction in each of the three plants. However, three forbs exhibited some sort of variations in shoot and root growth, reproduction and forage quality under intermediate and heavy leaf removal. Leaf removal in individuals of A. effusus and H. criniferum are more likely to compensate for tissue loss by allocating the available resources to the expansion of root biomass, at the cost of AGB and reproductive effort. Leaf removal also led to an increase in forage quality in each of the three forb species, depending on the level of height removal. The control plant had a higher amount of biomass production and lower amount of crude protein compared with heavy leaf removal treatments (i.e., 80%), by contrasting responses of acid detergent fiber and neutral detergent fiber, indicating a trade-off between forage quality and forage quantity. The results indicate that there is a balance among forage quantity, quality, and regrowth ability of belowground and aboveground tissues in intermediate leaf removal treatments of these forb species. This balance is used to develop principles for grazing management of steppe rangelands because such a regime meets different criteria including forage quantity, quality, and nonstructural carbohydrate reserves.
Introduction
Within a 20-yr period it is estimated that one third of the vast area of arid and semiarid rangelands stretching from the Iranian plateau to Anatolia (Turkey) had been converted to cropland and then abandoned (FAO 2001; Yoav et al. 2006; Bedunah and Angerer 2012; Xu et al. 2012; Mesgaran et al. 2017; Zandi et al. 2017) . Degraded rangelands are reseeded with native plant species in order to ecologically restore ecosystem function and services. Knowledge on herbivory tolerance of these plant species and their responses to varying grazing intensity is required for sustainable grazing management of semiarid rangeland ecosystems (Cruz-Castillo et al. 2010; Li et al. 2012; Xu et al. 2012; Dahl et al. 2016) . Generally, defoliation by herbivores has various outcomes on plant growth and biomass allocation depending on timing and intensity of grazing (Ferraro and Oesterheld 2002; Zhao et al. 2008) . Growth rate decreases due to the loss of photosynthetic or other functional tissues (Hulme 1996; Augner et al. 1997; Hartley and Amos 1999; Ferraro and Oesterheld 2002; Van Staalduinen and Anten 2005; Pietik€ ainen and Kyt€ oviita 2007; Esmaeili et al. 2009; Araminiene et al. 2016) . The evidence strongly supports the idea that plants mobilize carbohydrate reserves to rebuild photosynthetic tissue after cutting, defoliation, or seasonal loss of foliage (Xu et al. 2012; Araminiene et al. 2016; Dahl et al. 2016; Wang et al. 2017) . Although grazing reduces carbohydrate reserves in plants, the impact is short-lived if grazing is not severe or season long. It is, therefore, reasonable to assume that if plants are defoliated too often, carbohydrate reserves will be progressively depleted unless sufficient time for replenishment is allowed between removals (Whitham et al. 1991; Tahmasebi et al. 2009; Cruz-Castillo et al. 2010; Fanselow et al. 2011; Schutz et al. 2011) .
The palatable forbs are confronted with a fundamental dilemma referred to as the forage quantity/quality trade-off; simply stated, that increase in biomass will result in a decrease in forage quality due to physiological and morphological changes over time (Wenick et al. 2008) . Livestock grazing on rangelands may improve the forage quality of some plants (Anderson and Scherzinger 1975; Clark et al. 2000; Pavl u et al. 2006 ) by removing dead plant material while increasing accessibility of live tissue in plants. Increased accessibility of live forage would likely decrease energy expenditure associated with grazing, thus increasing ungulate foraging efficiency. For example, if the goal is to maximize forage quality, then grazing starts when the plants are less mature, only providing forage for fewer numbers of livestock. However, it depends on the degree to which plant species are grazed and it is reasonably expected that intensively grazing management might reduce the quantity of forage production (Crawley 1990; Belsky et al. 1993; Del-Val and Crawley 2004; Tahmasebi et al. 2009; Li et al. 2012; Wang et al. 2017) . This, in turn, overwhelms the positive effect of grazing on plants due to a trade-off between forage quantity and quality. This trade-off is well documented for alfalfa such that harvesting alfalfa at an immature growth stage will result in high forage quality but low yield. In alfalfa, the leaves and stem biomass increase as alfalfa matures and make up 60% and 40% of the total yield, respectively (Steven et al. 2001; Pavl u et al. 2006) . Since the digestibility of the stem material declines as alfalfa matures and the fiber content of the stems increases, especially the lignin content, and the digestibility and crude protein concentration of stems declines more rapidly than leaves, the relative proportion of leaves and stems accounts for much of the decline in quality that occurs as alfalfa matures (Steven et al. 2001; Pavl u et al. 2006 ).
The first step in evaluating this trade-off is to define the degree to which harvest date or frequency affects yield and forage quality. Knowledge of this relationship can serve as the basis for range managers to arrive at the proper compromise between yield and quality in order to maximize economic profit and grazing intensity management. Astragalus cyclophyllon Beck., Astragalus effusus Bunge., and Hedysarum criniferum Boiss. are three native perennial legumes that occur primarily on steppe rangelands in the Middle East from Afghanistan, Iran, Turkey, northern Iraq, and northern Syria (Rechinger 1999e2001 ). These species are introduced with a priority for reseeding degraded rangelands, because of their relatively high herbage quality and preference by many large ungulate livestock and high adaptability to dry condition and contribute most to species diversity and community heterogeneity. On the other hand, little is known about their capacity to compensate in terms of morphological traits, water-soluble carbohydrates (WSCs), and forage quality. Moreover, there is a wealth of literature available on the general effect of grazing on plant species; less emphasized the importance of trade-off between forage quantity and quality in choosing proper grazing management. Here, in a field experiment, we studied the effects of a simulated grazing, 0%, 30%, 50%, and 80% of leaf area removal for 2 yr, on plant height, aboveground and belowground biomass (BGB), fecundity, nonstructural carbohydrate reserves, and forage quality of three perennial legumes: A. cyclophyllon, A. effuses, and H. criniferum. Our experimental hypotheses were 1) species would have capacity for regrowth after defoliation; however, 2) species with less WSC reserve would be more vulnerable to defoliation, and 3) due to trade-off between forage quantity and quality, nondefoliated plants would produce a larger amount of biomass with less forage quality and vice versa.
Methods

Study Area
The study was conducted in the steppe rangeland of Yan Cheshmeh, a nature reserve near Zayanderood dam (32 40 0 and 50 35 0 , area 700 ha) in Charmahal and Bakhtiari Province, Iran during the growing seasons of 2010 and 2011. This nature reserve is characterized by heterogeneous vegetation, largely consisting of perennial grasses (Bromus tomentellus and Stipa hohenackeriana), forbs (Medicago sativa and Onobrychis sativa), and shrub (Astragalus verus). The mean annual precipitation is about 300 mm (310 mm for 2010 and 297 mm for 2011), of which z80% occurs from January to April (Fig. 1 ). Soil at the study site is sandy clay loam (52.4 ± 8.7, 25.7 ± 5.8, and 21.9 ± 3.1; percent of sand, clay, and silt, respectively). The growth of A. cyclophyllon, A. effuses, and H. criniferum starts from March and continues until soil moisture is exhausted (about June). Previous studies showed that under intermediate grazing pressure a shift occurred in plant community composition from the tall competitor grass species into forb species such as A. effusus and a shrubland dominated by A. verus (Maghsoudi et al. 2012; Tahmasebi et al. 2013) .
In this nature reserve, we chose a site (area 5 000 m 2 ) protected from animal grazing where three species were present and the soil and topographical condition were basically the same. In early May 2010, before blooming, 120 individuals from each species were selected and marked and then the surrounding vegetation was clipped. Then, 30 individuals from each species were randomly assigned to one of four levels of leaf removal treatments including no leaf removal (control), partial leaf removal (30% of leaf area was removed), intermediate leaf removal (50% of leaf areas was removed), and heavy leaf removal (> 80% of leaf area was removed). These levels of leaf damage are comparable with natural damage by sheep observed in the field (Tahmasebi et al. 2009 ). Leaf removal was performed three times a year starting from May in 2010 and 2011, with an interval of 20 d. Measurements were only performed for the yr 2011. Plant height was measured three times, each time 1 d before leaf removal. Reproductive status including the number of flowers was measured 1 d before leaf removal and for the seeds before the last leaf removal. Forage quality indices and WSC of aboveground biomass (AGB) were measured for both early spring (1 d before the first removal) and midsummer (the last removal on early August) from four randomly chosen individuals.
We also used an auger (7 cm in diameters) to sample the roots of four randomly chosen individuals (the same individuals as AGB) at the end of the experiment. In early August 2011, plants were finally harvested to a height of 1 cm and then transported to the laboratory and then stored in an oven at 45 C for 24 h to determine plant AGB. The root samples were also washed and separated from the soil and then stored in an oven at 45 C for 24 h to measure BGB, the concentration of WSC and pool (WSC Â root biomass) and forage quality indexes.
Forage quality index of ABG was analyzed for midsummer 2011, and the root WSC reserves were measured only at the end of the experiment. For forage quality, we measured crude protein (CP), dry matter digestibility (DMD), acid detergent fiber (ADF), neutral detergent fiber (NDF), and WSC using the Near Infrared Reflectance Spectroscopy (NIRS-Model: 8620Terten) method (the calibration was done according to Jafari et al. 2003 ). In addition, the amount of ash was measured as total inorganic matter by placing plant samples in a furnace at 500 C to combust it.
Statistical Analysis
First, normality and homogeneity of these data were tested using the K-S and Levine tests, respectively. Next, we used general linear model (GLM) with leaf removal, plant species, and season as the fixed factors and plant height, WSC reserve, ash, CP, DMD, ADF, and NDF of AGB as the dependent factors. In addition, GLM was also used to compare the effect of leaf removal and species on the number of flowers, seeds, final AGB, and WSC reserve of roots. A Tukey test was used for multiple comparisons of the treatments. To investigate the trade-off between forage quantity and quality and to choose the best treatments that balance forage quantity and quality, we used the principal component analysis (PCA) on forage quality index (CP, DMD, ADF, NDF, and WSC) of all species for midsummer 2011 and then extracted the scores of treatments on the axis1. Using the Spearman correlation test, the relationship between forage quantity (described as the latest AGB) and forage quality (as the scores Axes1 of PCA) was investigated. Statistical analysis was performed using SPSS var. 21.0 (IBM Corp., Armonk, NY).
Results
Aboveground Traits
Plant height, number of flowers, and seeds of all three species were negatively affected by different levels of leaf removal (Table 1 and Fig. 2 ). Leaf removal significantly decreased the height of A. effusus compared with both A. cyclophyllon and H. criniferum in 80% leaf removal (see Fig. 2 ). Moreover, there were no significant differences in height of three plant species in 30% and 50% leaf removal (see Fig. 2 ). The negative effects were also observed for the number of flowers and seeds such that leaf removal for A. effusus was significantly detrimental compared with A. cyclophyllon and H. criniferum (see Table 1 and Fig. 2 ). Leaf removal significantly decreased the AGB of all three species in particular at 80% leaf removal (see Fig. 2 ). There were significant differences between AGB in control and 80% leaf removal of three species (see Fig. 2 ), while no significant differences were observed between 30% leaf removal and 50% leaf removal of A. effusus and H. criniferum (see Table 1 ). Total biomass (AGB þ root) did not significantly change with leaf removals compared with the control, except to A. cyclophyllon (see Fig. 2 ).
The results showed that species, removal rate, season, and their interactions had significant effects on leaf CP, DMD, ADF, NDF, ash, and WSC (see Table 1 ). The concentration of CP in H. criniferum (20.82 ± 0.86) was significantly higher than A. effusus (17.04 ± 0.56) and A. cyclophyllon (17.5 ± 0.82; F ¼ 46.8, P value < 0.001). The similar result was also observed for DMD (76.74 ± 1.36, 69.28 ± 0.99, and 69.85 ± 0.84 for H. criniferum, A. effuses, and A. cyclophyllon, Table 1 The results from general linear model (GLM) with leaf removal, plant species, and season as the fixed factors and plant height, water soluble carbohydrate (WSC) reserve, ash, crude protein (CP), dry matter digestibility (DMD), acid detergent fiber (ADF), and neutral detergent fiber (NDF) of aboveground biomass (AGB) as the dependent factors. The data are F values in GLM test. R 2 indicates the percent variation explained in GLM model. As. cyclophyllon As. Effusus He. crinifrum Total biomass (gr) Figure 2 . Regrowth vegetative traits response of Astragalus cyclophyllon, Astragalus effuses, and Hedysarum criniferum to leaf removal (total biomass is aboveground biomass and root biomass added together). respectively; F ¼ 137.5; P value < 0.001). Furthermore, the amount of NDF in H. criniferum (24.31 ± 0.77) was significantly lower than in A. cyclophyllon (30.34 ± 0.71). The same results were also observed for ADF (26.97 ± 0.73 and 24.7 ± 0.55 and 20.79 ± 1.06 for A. effusus, A. cyclophyllon, and H. criniferum, respectively). The effect of leaf removal on forage quality and WSC was significant for three species within each season (see Table 1 ). CP of H. criniferum significantly decreased in 80% leaf removal compared with the control in early spring; however, the inconsistent pattern was observed for midsummer ( Fig. 3) . For A. effusus and A. cyclophyllon, CP increased with 50% leaf removal for early spring and no significant differences found for midsummer (see Fig. 3 ). The highest amount of WSC was related to 30% leaf removal and 50% leaf removal for H. criniferum (see Fig. 3 ). Moreover, by increasing leaf removal in A. effusus, WSC significantly decreased. For A. cyclophyllon and H. criniferum, the highest and lowest amount of WSC was related to 50% leaf removal (19.68 ± 1.16 and 22.24 ± 1.08 for species, respectively) and 80% leaf removal (18.95 ± 0.38 and 18.97 ± 0.52 for species, respectively). ADF only increased with 80% leaf removal compared with control for all three species in early spring, while there was no significant difference in ADF between control and 80% leaf removal of all three species for midsummer (see Fig. 3 ). There was a similar response for NDF of H. criniferum and A. cyclophyllon; however, there was no significant difference in NDF between control and 80% leaf removal HL of As. effusus for mid-summer (Fig. 3) .
Ash content of H. criniferum decreased with the extent of leaf removal in early spring and increased with leaf removal for midsummer (see Fig. 3 ). Ash content of A. effusus decreased with 50% leaf removal for midsummer, and no significant differences were found for early spring (see Fig. 3 ). On the other hand, for A. cyclophyllon, ash increased with 50% leaf removal for early spring and no significant differences found for midsummer (see Fig. 3 ).
Belowground Traits
The results showed that the root biomass of H. criniferum was significantly higher than A. effusus and A. cyclophyllon (see Table 1 and Fig. 4) . Clipping increased the root biomass of H. criniferum, but no effect was observed for A. effusus and A. cyclophylon (see Fig. 4 ). Comparing root/shoot ratio of three plant species, A. effusus allocated more plant reserve to roots compared with H. criniferum and A. cyclophyllon in response to leaf removal. A higher root/shoot ratio was observed in 50% leaf removal and 80% leaf removal of A. effusus and H. criniferum with a less pronounced increase in root/ shoot ratio for A. cyclophyllon (see Table 1 and Fig. 4) .
The concentration of WSC of A. cyclophyllon was significantly higher than two other species (see Table 1 and Fig. 4 ). The results also showed that the WSC pool in heavily defoliated individuals of A. effusus and H. criniferum was significantly higher than the control, 30% leaf removal and 50% leaf removal individuals, while the opposite pattern was observed for A. cyclophyllon such that defoliation significantly decreased WSC pool compared with the controls (see Fig. 4 ).
PCA Analysis
Our results showed that the axis 1 of PCA explained > 77% of variation with positive correlations of CP, DMD, and WSC (0.47, 0.5, and 0.3, respectively) and negative correlations of NDF and ADF with axis 1 (À0.49 and À0.45, respectively); that is, the representatives of forage quality. There was no significant correlation between AGB and the scores of axis1 of PCA. However, the results showed that in the control and 80% leaf removal, a higher and lower amount of AGB of plant species (Fig. 5) is accompanied with the opposite pattern for forage quality. In addition, no significant changes were observed for both forage quantity and quality in 30% leaf removal and 50% leaf removal.
Discussion
The aim of this study was to compare grazing tolerance of three plant species maintaining quantity and quality of forage for domestic animal growth and health. In general, simulated grazing resulted in the reduction of AGB and reproduction in each of the three plant species of A. cyclophyllon, A. effusus, and H. criniferum. Similarly, the negative effects of high intensity/frequency of defoliation were reported for other species (e.g., Denton et al. 2018) . However, in this study, three forbs exhibited at least some measures of the shoot regrowth, and reproduction under moderate and severe leaf removal. Previous research has indicated considerable variation among forb species in response to defoliation under large herbivore grazing (Belsky 1987; Milchunas and Lauenroth 1993; Oesterheld et al. 1999; Ferraro and Oesterheld 2002; Li et al. 2015; Quiroga 2018) .
A. effusus and H. criniferum showed 60% and 67% decreases in AGB compared with A. cyclophyllon in response to 30% and 50% leaf removal. The AGB individuals of three species substantially decreased with 80% leaf removal. In contrast, the root biomass of A. effusus and H. criniferum significantly (P < 0.05) increased in 50% and 80% leaf removal, concomitant with the response of the rootto-shoot ratio for both species. However, the root biomass of A. cyclophyllon did not increase with leaf removal. To maintain growth and survival, the resources have to be shared more efficiently, which could result in a trade-off between the different physiological processes of a plant. In contrast to this, Volesky et al. (2011) reported that defoliation intensity did not affect aboveground production or root characteristics of the studied three species (Elymus trachycaulus, Carex nebrascensis, Lotus corniculatus). Although defoliation often causes an immediate reduction in root growth (Quiroga et al. 2018) , differences in carbon allocation to aboveground or root biomass after defoliation could explain species differential responses to leaf removal in this study. Our results indicated a trade-off between shoot and root biomass in response to grazing (Campbell et al. 1991; Tow and Lazenby 2000; Wardle et al. 2004; Jansen et al. 2005; Cameron et al. 2014) and the negative effect of leaf removal on regrowth and reproductive efforts (in terms of flower and seed number) of dominant species of A. effusus and H. criniferum. This was offset by increasing root biomass through the allocation of more carbon reserve to BGB. This is consistent with our observation in the field that the population of A. effusus and H. criniferum did not substantially decrease, contrasting to the diminished population of A. cyclophyllon in heavily grazed rangelands (Maghsoudi et al. 2012; Tahmasebi et al. 2013 ). This indicates that vegetative and reproductive responses of three forbs to grazing may have a significant impact on population dynamics and also that this trade-off might be good predictors of grazer effects on plant population abundances in steppe rangelands. This was most clearly evident in A. effusus where despite negative effects of grazing on plant height, biomass, and reproduction of established adult plants, population abundance of this species did not decline in grazed sites relative to ungrazed sites. This is also confirmed by the results on WSC that showed the WSC root reserve of A. effusus and H. criniferum increased with defoliation compared with A. cyclophyllon. Although the concentration of WSC of A. cyclophyllon increased with defoliation, allocating more reserve to extend roots resulted in a higher amount of WSC reserve in A. effusus and H. criniferum.
Rangelands usually supply livestock with high food quality during spring; however, forage quality declines as plants mature (Arzani et al. 2004) . In our study, however, defoliation did not result in an increase in forage quality in each of the three forbs species studied in 30% and 50% leaf removal. For example, CP as one of the important indices of forage quality did not increase in 30% and 50% leaf removal of A. effusus, H. criniferum, and A. cyclophyllon in midsummer except for 80% leaf removal. The same responses were observed for NDF and ADF in 30% and 50% leaf removal, and three forbs exhibited a reduction in ADF and NDF under 80% leaf removal and control. This is consistent with previous studies, proving a reciprocal relationship between the protein and fiber contents (Arzani et al. 2004; Mahyuddin 2008; Kirchhof et al. 2010) ; as the plant matures, the concentration of protein decreases. In addition, increasing forage quality in 80% leaf removal is accompanied by decreasing AGB, indicating a trade-off between forage quality and forage quantity. Results also showed that nonclipped individuals of three plant species had a higher amount of biomass production in contrast to a lower amount of crude proteins compared with 80% leaf removal, with a lower amount of biomass production and a higher amount of crude proteins.
When the results were pooled in PCA analysis and compared in the four levels of leaf removal, we observed a higher amount of AGB in 30% leaf removal and a higher amount of forage quality in 80% (Fig. 5 ). No considerable reduction in AGB was observed for 50% compared with 30% leaf removal, which means plant species are resistant to these two levels of leaf removal and were able to fully regrow after defoliation. In 80%, however, defoliation resulted in a reduction in AGB with a higher amount of forage quality. The relationship between forage quantity and quality depends on many factors, such as variation between plant species and season, as well as the level of defoliation and general structure of the rangelands. In our study, the allocation to both forage quantity and quality was highly dependent on the defoliation intensity and was observed in 80% leaf removal. Since livestock selection is driven by high forage quality, and intake declines at low biomass, animals are predicted to select for intermediate forage biomass to maximize energy intake by following phonological periods in a season (Hebblewhite et al. 2008) . Several studies suggested that energy intake is not simply a function of quality but of the trade-off between quality and quantity (Fryxell 1991; Hebblewhite et al. 2008) . For range managers in steppe regions, if selection for plant quality of grazingtolerant species is major importance, higher forage quality is likely to offset lower forage quantity in 80% leaf removal.
Implications
Defoliation typically involves the removal of entire leaves and reduces the proportion of flowering shoots and seed number and has the potential to affect the reproductive success of plant species. This is consistent with our result that the number of seeds and flowers of three forbs was substantially reduced, particularly in 80% leaf removal intensity. This indicated that defoliated individuals of A. effusus and H. criniferum are more likely to compensate for tissue loss by allocating the available resources to the expansion of root biomass, at the cost of AGB and reproductive effort. Defoliated plants tended to allocate proportionally more biomass to roots than to leaves and flowering shoots. This, as a result, indicates a higher tolerance ability of A. effusus and H. criniferum compared with A. cyclophyllon. This study suggests that A. effusus and H. criniferum should be grazed intermediately before plants reach the reproductive stage to maintain a balance between forage quantity and quality. The balance between forage quality and quality has been used to develop principles for grazing management of rangelands worldwide. Our results indicate that this balance is likely to occur in intermediate defoliation severity because such a regime meets different criteria including forage quantity, quality, and WSC.
